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1. Introduction: The Strategic Geometry of Project 921

The operationalization of the Tiangong ("Heavenly Palace") space station completes
Project 921, a thirty-year strategic roadmap approved in September 1992 that
established the People's Republic of China as a permanent resident in low Earth
orbit (LEO).[1] Executing a methodical "Three-Step Strategy," the China Manned Space
Program (CMSP) first mastered crewed spaceflight with Yang Liwei's Shenzhou 5
mission in October 2003; second validated extravehicular activity (EVA), automated
rendezvous, and orbital refueling aboard the Tiangong-1 and Tiangong-2 precursor
laboratories; and third assembled a permanent modular research complex.[1][2] This
report examines the engineering architecture of the Tianhe core module, the Wentian
biotechnology laboratory, and the Mengtian physics laboratory, detailing their
Hall-effect electric propulsion, closed-loop regenerative life support, cold atomic
clock payloads, and planned six-module expansion.[4]

Orbiting at 340-450 km altitude and 41.5 deg inclination -- governed by Keplerian
dynamics and the vis-viva equation -- Tiangong optimizes heavy-lift launches from
Wenchang on Hainan Island.[4] Though its three-module mass (~100 metric tons) is
roughly one-fourth that of the 450-ton International Space Station (ISS), Tiangong
leverages modern avionics, flexible photovoltaic arrays, and ion thrusters to
maximize scientific efficiency.[4][6]

2. The Pathfinder Era: Tiangong-1 and Tiangong-2

Under Step Two of Project 921, two single-module orbital testbeds validated docking
and logistics protocols:[2]

* Tiangong-1 (2011-2018): Launched September 29, 2011 (8,506 kg, 10.4 m), Tiangong-1
served as a target vehicle for uncrewed Shenzhou 8 automated docking (2011) and
crewed Shenzhou 9 (2012, carrying China's first female astronaut, Liu Yang) and
Shenzhou 10 (2013) manual docking.[8][9][11] Following telemetry loss in 2016, its
uncontrolled reentry over the South Pacific on April 2, 2018 prompted strict
controlled-deorbit redundancies for subsequent spacecraft.[11][13]

* Tiangong-2 (2016-2019): Launched September 15, 2016 (8,600 kg), Tiangong-2
supported the 30-day Shenzhou 11 crewed mission and verified on-orbit liquid
propellant transfer via the Tianzhou 1 cargo freighter in April 2017.[2][11] It
hosted 14 scientific payloads -- including the Sino-European POLAR gamma-ray burst
polarimeter, quantum key distribution transmitters, and the first spaceborne cold
rubidium atomic clock -- before executing a controlled deorbit on July 19,
2019.[11][14][16]

| Parameter | | Tiangong-1 (Target Vehicle) | | Tiangong-2 (Space Laboratory) |
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| Launch & Mass | | Sept 29, 2011 / ~8,506 kg | | Sept 15, 2016 / ~8,600 kg |

| Primary Objective | | Rendezvous & docking validation | | 30-day habitation &
propellant refueling |

| Visiting Missions | | Shenzhou 8, 9, 10 | | Shenzhou 11, Tianzhou 1 (Cargo) |

| Disposal & Science | | Uncontrolled (2018) / Earth obs. | | Controlled (2019) /
Cold Rb Clock, POLAR |

3. Modular Architecture: Tianhe, Wentian, and Mengtian

Assembled between April 2021 and November 2022 via Long March 5B launches, the
permanent Tiangong station forms a "T-shaped" configuration:[3][4]

* Tianhe Core Module: Launched April 29, 2021 (16.6 m length, 4.2 m diameter, 22.5
t, 113 m3 pressurized volume), Tianhe integrates a five-port forward docking Node
Cabin, a Life Control Cabin (three sleeping berths, galley, exercise equipment, and
ECLSS), and an aft Resource Cabin for Tianzhou cargo refueling.[3][6][17]

* Wentian Laboratory Module: Launched July 24, 2022 (17.9 m, ~23 t) and transposed
to the starboard port, Wentian focuses on space life sciences and biotechnology
while providing full backup GNC/life-support avionics, three additional crew
quarters, a wide-hatch Feitian EVA airlock, and a 5-meter robotic
arm.[3][19][20][22]

* Mengtian Laboratory Module: Launched October 31, 2022 (17.9 m, ~23 t) and berthed
to port, Mengtian focuses on microgravity physics and combustion, featuring an
automated cargo airlock that deploys CubeSats and external exposure experiments via
robotic arm without crew spacewalks.[3][4][23]

4. Subsystem Engineering: Electric Propulsion, Regenerative ECLSS,
and Robotics

Four subsystem innovations distinguish Tiangong from earlier orbital stations:[6]

* Hall-Effect Electric Propulsion: Four 80-millinewton Hall-effect thrusters on
Tianhe ionize xenon propellant across electromagnetic fields (15-30 km/s exhaust
velocity) to counteract atmospheric drag, slashing chemical propellant resupply
mass.[6][7][24]

* Regenerative ECLSS: Closing the loop on oxygen and water, rotary centrifugal
distillation extracts water vapor from urine in microgravity, feeding electrolytic
oxygen generators and a Sabatier reactor that reacts scrubbed carbon dioxide with H2
to exceed 95% water recovery.[18][26]

* Dual Indexing Robotic Arms ("Chinarm"): Tianhe's 10-meter, seven-degree-of-freedom
arm crawls across hull grapple fixtures and couples end-to-end with Wentian's
5-meter arm for a 15-meter reach.[6][21]

* Flexible Solar Wings: Roll-out flexible substrates mounting triple-junction
gallium arsenide photovoltaic cells (>30% efficiency) span >55 m per lab module to
supply ~100 kW.[17][27][28]
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5. Orbital Science, Co-Orbital Astronomy, and Cross-Module Expansion

Across more than 20 standardized experiment racks, Tiangong supports microgravity
fluid physics, spherical diffusion flames free of buoyancy-driven convection, and
Mengtian's space cold atomic clock ensemble (hydrogen maser, laser-cooled rubidium
microwave clock, and strontium optical lattice clock keeping time to within one
second in 300 million years for gravitational redshift tests).[29][30][33][34][35]
Through UNOOSA, Tiangong hosts experiments from 17 nations (including POLAR-2 and
Tumors in Space), while the co-orbital 2-meter Xuntian Space Telescope (CSST) will
survey 40% of the sky and dock periodically with Tiangong for
servicing.[16][36][37][39][42]

| Parameter | | Tiangong (CSS) | | Int'l Space Station (ISS) | | Mir (USSR / Russia)
|

| Operational Era | | 2021-Present | | 1998-Present (~2030) | | 1986-2001 |

| Mass & Modules | | ~100 t (3, exp. to 6 / 180 t) | | ~450 t (16 modules) | | ~130
t (7 modules) |

| Pressurized Volume | | ~340 m | | 916 m | | 350 m |

| Crew & Inclination | | 3-6 / 41.5 deg LEO | | 7 / 51.6 deg LEO | | 3-6 / 51.6 deg
LEO |

| Propulsion & Power | | Hall Ion + Chem / Flexible GaAs | | Chemical / Rigid &
iROSA | | Chemical / Rigid Si |

Planned expansion into a six-module "Cross" configuration via a six-port forward
expansion module will raise mass toward 180 tons, accommodate permanent six-person
and international crews (including Pakistani astronauts), and test Mengzhou and
International Lunar Research Station (ILRS) hardware.[11][43][44][46][47]

6. Conclusion: A Multipolar Anchor in Low Earth Orbit

The evolution of Tiangong from the initial 1992 Project 921 blueprint to an
expandable, multi-module orbital research complex demonstrates the effectiveness of
incremental, long-horizon aerospace engineering. By integrating Hall-effect electric
propulsion, >95% closed-loop water and oxygen regeneration, dual-arm indexing
robotics, and co-orbital servicing for the Xuntian survey observatory, Tiangong
stands as a permanent, sovereign scientific anchor in a newly multipolar low Earth
orbit.[4][49][50]
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